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ABSTRACT  At low extracellular pH  (4-6),  net uptake of potassium by Neuro-
spora is a simple exponential process which obeys Michaelis kinetics  as a function
of [K],.  At high pH,  however,  potassium uptake  becomes  considerably  more
complex,  and can  be  resolved  into  two  distinct  exponential  components.  The
fast component (time constant  =  1.2 min) is matched quantitatively  by a rapid
loss  of sodium; it is attributed  to ion exchange  within  the  cell wall,  since it is
comparatively  insensitive  to low  temperature and metabolic  inhibitors. By con-
trast,  the  slower component (time constant  =  10.9  min) is inhibited markedly
at 0°C and by CN and deoxycorticosterone,  and is thought to represent carrier-
mediated transport of potassium  across the cell membrane. This transport proc-
ess exhibits  sigmoid  kinetics  as a function of [K]o;  the data can  be fitted satis-
factorily  by  two  different  two-site  models  (one  involving  a  carrier  site  and  a
modifier  site,  the other  an allosteric  model).  Either  of these  models  could  also
accommodate the simple Michaelis kinetics at low pH.
INTRODUCTION
The potassium content of the fungus  Neurospora is regulated by a system that
can  transport  a variety  of  monovalent  cations  across  the  cell  membrane.
Potassium influx,  accompanied  either by the effiux  of sodium  and hydrogen
ions  during  net transport,  or by efflux  of potassium  ions  during steady-state
exchange,  is an  energy-dependent,  saturable function  of the external  potas-
sium concentration.  The same maximal influx,  20-23 mmoles/kg cell water-
min, is observed  during both K/K exchange and Na,H/K exchange, but the
apparent Michaelis constants  for external potassium are quite different in the
two cases:  1.0 m  during K/K exchange,  and  11.8  mM  during Na,H/K  ex-
change (40, 42).  If a single system in the membrane  is responsible for all three
exchange processes, as seems likely from studies on transport mutants, then its
apparent affinity for extracellular potassium is influenced by the nature of the
exciting cation.  Preliminary evidence  has also suggested that ions other than
those whose fluxes have been  measured directly may react with the potassium
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transport system. Extracellular ammonium,'  rubidium, and sodium ions com-
petively  inhibit potassium influx  (42),  and choline,  tris(hydroxymethyl)ami-
nomethane[Tris],  triethylamine,  ethanolamine,  and other amino cations pro-
duce rapid but reversible losses of sodium and potassium from Neurospora (40).
The  reactions  of hydrogen  ions  with  the  potassium  pump  are  of special
interest, even though the K pump is probably not the major route for hydro-
gen  ion efflux.  Base  line,  steady-state  hydrogen  ion  efflux  can  amount to  as
much  as 40 mmoles/kg  cell  water-min.'  During net uptake  of potassium  at
pH  5.8,  there  is  an  additional  outward  movement  of hydrogen  ions  super-
imposed on the base line rate, with an initial velocity of 6-9 mmoles/kg cell
water -min (roughly  30%  of the maximal potassium  influx). This takes place
from  an  apparent  intracellular  H+ concentration  near  3  X  10- 7 M, several
orders  of magnitude  lower than  the concentrations  from which sodium  and
potassium are  pumped, outward  or inward.  Net H+ efflux  ceases with rising
intracellular  potassium,  perhaps  because  of competitive  inhibition  by potas-
sium.
Whether extracellular hydrogen ions,  as well as intracellular hydrogen, also
react  with the  potassium  pump  has  not  previously  been  explored  in Neuro-
spora. The possibility  is  raised  by observations  on algae  (38),  bacteria  (17),
and  yeast  (1,  7),  in  which  lowered  extracellular  pH leads  to  a  decrease  in
potassium  influx and a fall  in the steady-state level of internal potassium. For
yeast, on which the most extensive studies have been made, external hydrogen
ions competitively inhibit potassium uptake in a manner  which suggests that
the potassium pump has a higher affinity (but only 3- to  15-fold) for hydrogen
ions  than  for  potassium  ions  (1).  Recently,  a  noncompetitive  "modifier"
effect of hydrogen ions has also been postulated in yeast to account for the fact
that the maximal velocity of potassium uptake is depressed at low external pH
(2).
In order  to determine whether  extracellular  hydrogen ions do in fact react
with the potassium transport system in Neurospora, and whether a model simi-
lar  to  that  developed  for yeast  is  applicable,  we  have  studied  the effect  of
extracellular pH-in the range 3.5 to 9.0-on the rate and extent of net potas-
sium uptake and sodium loss by low K, high Na cells of Neurospora.
METHODS
General  The methods  for growing  low  K  Neurospora, carrying  out the flux  ex-
periments,  and  analyzing  the data  are  the  same  as those described  previously  (40).
Wild-type  strain  RL21a  of Neurospora crassa was  used  throughout  the  experiments.
Conidia were inoculated at a density of 106/ml into shaking liquid cultures, 250C, pH
5.8, with a medium  initially containing 0.2 mm KCI.  After  16 hr, the cells were har-
1 Unpublished  observations.
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vested,  rinsed several times in distilled water, and resuspended  in K-free buffer solu-
tion,  for a 20-min preincubation (25°C, continuous shaking). Potassium chloride was
then  added to the  suspension in  a small volume  of 1 N  solution,  and  10  ml samples
were harvested at intervals onto Millipore filters.  Fluxes were stopped by three quick
rinses with 10 ml distilled water. The cell mats, dried overnight at 90C, were weighed
and extracted in  1  N  HC1 at 1000C for 1 hr; flame analyses for sodium and potassium
were  carried out on these extracts.
The principal  results, therefore, were obtained in units of micromoles  K or Na per
gram dry weight, which can be converted into apparent concentration  units with the
factor,  intracellular  water/dry weight  =  2.54  (reference  41). Net fluxes were calcu-
lated from semilog plots of the data against time (0-30  min), using least squares esti-
mates of slopes  and intercepts.  These fluxes  can be converted  into  units of pmoles/
cm2 -sec,  with the relationship  1 mmole/kg  cell water-min  =  0.66  pmole/cm2 .sec.
The derivation of this and  the previous factor,  along with considerations  of their de-
gree  of accuracy,  have  been  discussed  previously  (41,  42).  Results  throughout  the
paper are stated  as mean  1 SE.
In the present experiments at pH 8 and  above, as opposed to those carried  out at
pH 6 or below, a significant quantity of sodium and/or potassium ions appears bound
to extracellular sites,  presumably  in the Neurospora cell wall (see p.  766).  In order to
avoid ambiguity in the text, we have adopted the following terminology and units: (a)
"Cell  wall potassium (or sodium),"  in micromoles per gram dry weight; this compo-
nent is also referred to as the "bound component" or, for fluxes, the "fast component."
(b)  "Intracellular  potassium  (or  sodium),"  usually  in  millimoles  per  kilogram  cell
water;  also referred to as the "slow component"  for fluxes.  (c)  "Total cell potassium
(or sodium)," in micromoles per gram dry weight; this is the sum of (a)  and (b).
The curves drawn  in Figs.  6,  8, and  9,  along with  the model parameters  listed  in
Table IV, were computed using the Marquardt algorithm (28), a generalized program
for nonlinear least squares curve fitting. The program is available under IBM SHARE
Distribution No. 3094,  and was run on the Yale Computer Center IBM  7094/7040
system.
Buffers  The majority  of experiments  were  carried out at pH  8 in  a standard
buffer  solution  containing  30  mM  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES; pK  =  7.48, reference  16;  Calbiochem,  Los Angeles,  Calif.),  brought
to an initial pH near 8.2 with 25  mM NaOH, and  1  % glucose. Acid released by Neuro-
spora at this pH is sufficient to reduce  the external pH to 7.95-8.05  during the 20 min
of preincubation,  with normal cell  densities of 2 mg dry/ml. After addition of potas-
sium, the pH continues to fall at essentially  the same rate; but more than 85 % of the
total net potassium uptake occurs with  the extracellular pH  between  8.00 and  7.85.
As  the  experiments  progressed,  it became  clear  that small  pH  changes,  within  the
range 8.5 to 7.5, had very  little effect on the net fluxes  of sodium and potassium ions
(see Fig.  7), and more elaborate  methods of pH  control were found unnecessary.  At
lower pH's acid release and therefore  pH drift were less rapid.
Other  buffers  used for measurement  of fluxes over the pH range 3.5  to 9.5  were:
15-20  mM 3,3-dimethylglutaric  acid  (DMG;  pKa's  =  3.66 and  6.20,  reference  10;
Eastman  Organic  Chemicals,  Rochester,  N.Y.;  used  from pH  3.5  to  6.7);  20  mm
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N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic  acid  (TES; pK  =  7.4,  refer-
ence  16;  Calbiochem; used at pH 7.0); 30 mM glycylglycine  (pK.'s  = 3.06  and 8.13,
reference  5; Nutritional  Biochemicals,  Cleveland,  Ohio; used  from  pH  8.1  to 9.1);
and 68  mM  glycine  (pK.'s  =  2.34  and 9.60,  reference  5; Nutritional  Biochemicals;
used at pH 9.5).  In all cases the final Na concentration  was adjusted to 25.0 mM, and
1  % glucose was added.
Control experiments  showed  that both  HEPES and DMG,  the two main  buffers,
are metabolically  inert. Neither will support growth of Neurospora as a carbon source,
and neither inhibits growth when added to normal medium at 30 mM.  TES, glycine,
and glycylglycine were not tested in this regard.
Stability of Intracellular  K and Na  As a further check on the stability of the cells in
these  buffers and  over the  pH range in question,  potassium  loss by normal  cells  (in
buffers containing 25 mM K) and sodium loss by low K cells (in buffers containing  25
mM Na) were measured.  At pH 4 and above,  the losses of sodium and potassium were
equal, independent of pH, and very slow, averaging  only 0.52  0.09 mmole/kg cell
water-min.  At pH  3.5,  net loss jumped  to 30  mmoles K/kg  cell water  min,  and at
pH 3.0, about 40 mmoles K or Na/kg cell water. min, which was taken as evidence of
cell damage. Suspensions at pH 3.5 or below also became milky and difficult  to filter,
though cell viability following  such treatment was not tested.  The result is  generally
consistent with the fact that Neurospora does  not acidify  its own medium below about
pH 4.
Oxygen  and H+  Measurements  Oxygen  consumption  and  H+ release  by Neuro-
spora were measured simultaneously in light suspensions  of cells (0.5 mg dry/ml) held
in a closed  vessel (35  ml) similar to that described by Pressman  (33). The suspension
was  maintained  at 25.00 C  4- 0.1  C by  water  circulating  in an  outer jacket  of the
vessel,  and was stirred with a magnetic flea.  Cell clumping under these conditions was
prevented  by using younger  (shorter) cells,  grown 9-12 hr in the shaking  liquid cul-
tures. A Clarke-type oxygen electrode (Radiometer No. 5093, The London Company,
Westlake,  Ohio) was employed; it was calibrated  against a dense cell  suspension,  for
zero  oxygen,  and  against air-saturated  (CO2-free)  buffer, for 0.21  atm. oxygen.  The
solubility  coefficient,  a,  of oxygen in  the buffer  was  assumed  to be the same  as in
distilled water,  28.31  1I  O2/ml water (47).  This has been found to be approximately
8%  too  large because  of the  effect of other  solutes on oxygen  solubility (4),  but the
discrepancy  does  not affect  the nature  of the conclusions.  A pH electrode-reference
electrode  combination  unit (A.  H.  Thomas,  Philadelphia,  Pa., No.  4858-L15)  was
used  to monitor pH,  with  a  precision  of 0.002  pH unit.  Leakage  of KCI  from the
reference  electrode was less than  100  umoles/hr  and did not interfere with the potas-
sium flux measurements.  Simultaneous measurements  of H+ release and net K or Na
movement were made by mounting the above pH electrode in a sidearm of the shaking
flasks, as described previously (40).
RESULTS
Net K and Na Transport  at pH 8  When  30 mm KC1 is added to a suspen-
sion of low K  cells that have been allowed to equilibrate in pH 8 buffer, there
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is a rapid net uptake of potassium ions-restoring the intracellular concentra-
tion nearly to the normal  level in 40 min-and a somewhat  slower release  of
sodium ions  (Fig.  1, Table  I).  In earlier  experiments  at pH 5.8,  K  and Na
movements  were found to  be simple exponential  functions  of time  (40),  but
this is not the  case at pH 8.  A semilogarithmic  plot of the data reveals  that,
under these new conditions,  both fluxes can be resolved into two exponential
functions with clearly distinct time constants (Fig. 2).
It is evident from the inset in Fig. 2 that the initial, fast component of potas-
Time  (min)
FIGURE  1.  Net cation movements in low K cells at pH 8. Cells were grown in 0.2 mM K
for 16 hr, and preincubated  in K-free HEPES buffer for 20 min at 250C. The points are
averages  for  duplicate  cell  samples  from a single  experiment.  The curves  are  redrawn
from  the least  squares  lines in Fig. 2.  For potassium,  Kt  =  485  - 310 e-t1 14 6 - 125
e tl1' 98; for sodium, Nag  =  376 e- t/ l 4 +  125 e-t/1 ' s . The value 485  is the end point for
potassium uptake estimated  directly from the above data plot.
sium uptake is matched  quantitatively by the fast component of sodium loss.
The results for 10 experiments show the time constants  to be  1.2  0.1  min
(for K+)  and  1.4  zt  0.3 min  (for  Na+)  and the magnitudes  to be  118  4- 5
amoles/g dry (for K+) and  132  +  10 /pmoles/g  dry (for Na+).
The  slow components  are  not  equal,  however,  with  K influx  greatly  ex-
ceeding  Na  efflux  both  in  amount  (259  4  20  compared  with  100 
12  /umoles/g dry)  and in  initial rate  (26.2  1.8  compared  with 3.5  0.8
/umoles/g  dry  min).  The  question  of  how  electroneutrality  is  maintained
during potassium uptake, whether by release of another cation or uptake of an
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TABLE  I
TOTAL  CELL  CATION  LEVELS,  BEFORE
AND  AFTER  INCUBATION  AT pH  8
Average amounts
No. of ex-
K  Na  periments
armole/g dry wdght
Normal cells freshly  harvested  (16  hr)  4588  3543  44
Low K cells, freshly harvested  (16  hr)  14243  2524-10  10
Low K cells, preincubated 20 min in K-free HEPES, pH 8  3345  508+30  8
Low K cells,  preincubated,  then incubated 40 min in 30  410-23  278425  8
mm K, pH8
The K and Na values  for normal cells,  freshly harvested,  are  the same  as those  reported pre-
viously  (40) in different units:  180 - 3 mmoles K/kg cell water,  and 14 - I mmoles Na/kg cell
water.
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FIGURE  2.  Semilog plots of total cell potassium (0)  and sodium (V); the same data  as
in Fig.  . In the upper two curves, (K,  - K)  and (Nat) are plotted,  along with the least
squares lines computed  for data from 6 to 30 min, indicating  the slow components of K
uptake and Na release.  Intercepts  and time constants for the two lines are as follows.  K,
310  i- 12  Amoles/g dry wt.,  and  14.6  0.5 min. Na, 376  7  moles/g  dry wt.,  and
114 - 14 min. The inset graph represents the fast components, obtained by subtracting
the above least squares lines from the data for times 0-6 min. The results  for sodium and
potassium are superimposable, and the common least squares line for the fast components
has an intercept of 125  ;  10  moles/g dry wt.,  and a time constant of 1.98  4 0.10  min.
anion, will be dealt with in a later section.  In the meantime, we shall be con-
cerned with distinguishing between the fast and slow components, and charac-
terizing  them with respect to energy requirements  and dependence  upon the
extracellular  potassium concentration.
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Energy  Dependence  The  cell  wall  of  Neurospora is  composed  mostly  of
neutral  polysaccharides  and  does  not  contain  the  uronic  acids  common  in
higher  plants.  Work in several  laboratories  (25-27)  has pointed  to  the pres-
ence  of some negatively  charged  amino acids  and phosphate  residues within
the  wall,  however,  and  it seemed  possible  that the  fast component  of flux
might represent a stoichiometric  exchange  of newly added potassium ions for
sodium  which  had  been  bound  to  the cell  wall  during  the  preincubation
period.  Considered  simply,  this case would  require the fast component  to be
independent  of metabolic  energy,  and therefore to be relatively  insensitive to
temperature  changes and to metabolic  inhibitors.
As shown in Fig. 3 a, lowering the temperature to 0°C had a relatively small
effect  on  the  fast  component  of  K/Na  exchange,  compared  with  its  pro-
nounced  effect  on the slow component  of potassium uptake.  The initial rates
and  time  constants  for  three  experiments,  computed  from  semilogarithmic
plots of the data, are averaged in Table II. The initial rate of potassium  up-
FIGURE  3.  Effects  of low  temperature  (a) and  deoxycorticosterone  (b) on  net  cation
movements at pH 8. Low-K cells were preincubated  10 min in the usual HEPES buffer
at 25C, and then (at  -10 min) either the temperature was reduced to 0°C (a) or 10 - S  M
DOC in 1%  alcohol was added (b).  1% alcohol alone was added to the controls in b. 30
ms  KC1  was added  to each  flask  at 0 time.  All points  are averages  for duplicate  cell
samples from a single experiment. Mean computed time constants for three sets of experi-
ments are given in Table II.
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take in the slow process was reduced from  26.2 #Amoles/g  dry.min at 250C to
2.8 #moles/g  dry-min  at 0°C, for an over-all Qi o of 2.44. For the fast compo-
nent,  the  reduction  was  significantly  smaller,  from  96  /tmoles/g  dry-min
(average  for K and  Na)  to 40 Amoles/g  dry.min,  to give  an over-all  Qlo of
1.42.  This latter figure  is well within the range of temperature  coefficients  for
typical ion exchange  resins (19).  [The still smaller apparent reduction  in the
slow component of Na release at 0°C is  increased  somewhat  by allowing  for
loss  of sodium which  could  occur in  the absence  of external  potassium  (0.5
mmole/kg  cell water-min;  see Methods); the relatively  small size of sodium
flux at pH 8, however, makes it difficult to determine with accuracy.]
The  standard  respiratory  inhibitors  turned  out  not  to  be  very  useful  in
distinguishing between the fast and slow components  of cation movement  in
Neurospora. Azide and dinitrophenol,  which have pK.'s of 4.72 and  3.96 (48)
respectively,  are taken up by cells primarily in the unionized form (22). At pH
8 they would  be expected  to enter  Neurospora only very slowly  and-at rea-
sonable  extracellular concentrations-to  have very little effect  on respiration
or ion transport. This latter expectation was borne out by experiments.  Cya-
nide,  however, should be more potent than the other inhibitors at pH 8, since
its pK. is 9.31 (48). Indeed, concentrations of sodium cyanide (1 m  or above)
which blocked  98%  of respiration  in Neurospora were  found  to inhibit essen-
tially all of the slow component of potassium uptake. The rapid exchange was
still  observed  after exposure  to  cyanide,  although  its  time  constant  was  in-
creased from  1.2 to 5.6 min. The reasons  for this effect are not clear, but may
reflect some secondary action of cyanide on the wall at high concentration.
The inhibitor which has been most useful in distinguishing between fast and
slow fluxes  is deoxycorticosterone  which, at  10-3 M, blocks the slow potassium
uptake  completely  and  leaves  the  fast  K/Na  exchange  quantitatively  un-
altered  (Fig.  3 b,  Table  II).  DOC  has  long  been  considered  a  generalized
inhibitor of membrane transport in Neurospora. Lester, Stone, and Hechter (24)
presented  evidence  to suggest that it interfered with uptake of sugars,  amino
acids,  and rubidium  ions  by germinated  conidia.  It was  also  said to reduce
oxygen consumption,  but only that fraction  resulting  from the utilization  of
exogenous  sugars.  Our  control  experiments  have  not  borne  out  this  latter
finding: DOC at  10- 3 M  was found to reduce oxygen consumption  by 40-45%
at both pH 5.8 and 8, regardless  of whether added glucose was present in the
medium;  added  glucose  was  found  to  increase  oxygen  consumption  by
15-20%  at  both  pH's,  regardless  of  whether  DOC  was present.  However,
there  is  no doubt  that  the  effect  of DOC  on  respiration  is  relatively  much
smaller than its effect on  the slow component of K uptake.  Fig. 4 shows  that
concentrations  between 3  X  10-6 M  and  10-S M  progressively blocked the slow
component of K uptake at pH 8, while causing only a 30%  inhibition of oxy-
gen  consumption.  The same concentrations  also  have  been found  to inhibit
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net K and  Na  movements  aid  the  steady-state  K/K exchange  at pH  5.81,
again with significant but smaller effects on respiration. By contrast, the rapid
K/Na exchange is independent  of DOC concentrations as high as  10-3 M (Fig.
4).
The results  at 0°C  and  those in the  presence  of DOC or cyanide strongly
indicate  that the slow potassium  uptake at pH  8, like the  steady-state  K/K
exchange  (42)  and  the net movements  of sodium and  potassium  (40) at pH
5.8,  requires metabolic energy.  For the fast component  of K/Na exchange  at
pH 8, the data are less clear.  The effect of DOC suggests that the fast compo-
nent is not dependent  on metabolism,  and the temperature results are consist-
ent with this interpretation,  while the cyanide  effect  is  contradictory.  Despite
this  inconsistency,  the simplest and  generally most satisfactory  way to inter-
pret the inhibitor results is to suppose that the rapid K/Na exchange at pH 8
is nonmetabolic,  probably taking place extracellularly  on negatively charged
groups in the cell wall,  while the slower K uptake represents energy-dependent
entry  into  the  cytoplasm.  Evidently,  a  precise  interpretation  is  contingent
upon whether the two cellular compartments-which are reflected by the fast
and slow components  of K movement-are viewed  as functionally  parallel or
functionally in series.
Curve Analysis: Series- and Pllahel-Compartment Models  Identification  of
the  two separate exponential  components  of the  potassium curve  (or sodium
curve) in Figs.  I and  2 with two separate cellular compartments requires  that
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the compartments  be  arranged  in  parallel  and  have  independent  access  to
the external  medium. If this underlying assumption  is not valid, so that potas-
sium  must  pass through  the postulated  fixed  charge  regions  of the cell  wall
before it reaches  the cell membrane  (series  arrangement),  then-as has been
pointed out by several authors,  e.g.,  Solomon  (44)-elements  from both real
compartments  will  appear  in each  of the  graphically  separated  flux  curves.
This could, superficially at least, account for the increased time constant of the
fast component  (5.6 sec,  instead of 1.2 sec; see Table II) of potassium uptake
seen with cyanide. Quantitative  considerations  make  this explanation  rather
unlikely,  however.
Calculations  based on  the series  arrangement  (detailed  in  the Appendix;
see Table V) show that the characteristic  rate constant (reciprocal of the time
constant)  for entry  into  the  wall  would  be  overestimated  by  17%  and the
amount of potassium entering would be underestimated by 29% in the curves
of Fig. 2. The effective removal of the intracellular compartment by metabolic
inhibitors should produce compensatory changes in the fast component. Table
II shows that cyanide does reduce the rate constant of the fast component,  but
by 80%  rather than  17%  (1/5.6  =  0.179 min-'), while it has no significant
effect  on the magnitude  of the fast component.  The  action  of cyanide  thus
remains paradoxical.  The action  of DOC is simpler, showing no influence on
either the rate constant or the magnitude of the fast component.
The latter result might be taken as evidence that the two compartments  lie
functionally  in parallel,  so  that small  ions  can get  to  the cell  membrane  of
Neurospora without  passing  through  fixed  charge  regions  of  the  wall.  This
possibility is further supported by the finding that polymers of ethylene glycol
and  dextran  with  molecular  weights  up  to  4700  pass  readily  through  the
Neurospora wall  (46),  as  do  secreted  enzymes  with  much  larger  molecular
weights  (14,  29, 46).  It is likely,  then, that the cell wall  is laced with water-
filled  pores,  and  pores  as  large  as 40  A  in  diameter  have  been  tentatively
identified  in electron micrographs  of the Neurospora wall  (27).  For these rea-
sons, we have carried out the further analysis of K and Na fluxes at high pH
assuming a parallel, rather than a series, arrangement  of (fixed charge regions
of)  the cell wall and cytoplasm.  Consequences  of the opposite  assumption are
analyzed in the Appendix; it has no important qualitative effect on the results.
Properties  of  the Nonmetabolic K/Na Exchange  The dependence of the fast,
DOC-insensitive  K/Na exchange  on the extracellular  potassium  concentra-
tion  is  illustrated  in  Fig.  5.  At  all concentrations,  the amount  of potassium
taken  up equals  the  amount  of sodium released,  and  both  increase  along  a
standard  ion  exchange  isotherm as external  potassium  is  raised  from 0  to 60
m,  with external sodium held  constant at 25 mM. From  a Scatchard plot of
the same data  (inset,  Fig.  5),  the potassium concentration  (a) required  for
half-displacement  of sodium can be calculated  as  32.0  3.4 m,  so that the
768C. W.  SLAXmAN  AND  C.  L.  SLAYxAN  K Uptake in Nerospora
i
L,
D
"o
o
E
0
E
0
0
[K]o,  External  K conc.  (mM)
FIGURE  5.  The fast component of K/Na exchange at pH 8, plotted as a function of the
extracellular  K concentration.  Low K cells were suspended in HEPES  buffer to which
10-3 M DOC  in  1%  alcohol had been  added,  to inhibit the  slow component  of K/Na
exchange.  After the  usual 20  min preincubation,  KCI  (2-60  mm)  was added,  and cell
samples were collected at 0, 1, 2, 4, 6, 8, and  10 min. Each point represents averages for
data from three separate experiments. Vertical bars,  :-  1  SE.  The curve is drawn accord-
ing to the ion exchange isotherm,
B  Bm.,  [K].
a +  [K].
where B is the amount of K bound or Na released,  Bin,,  is the maximal amount of cation
that can  be  bound, and the constant a corresponds  to the  value of [K]o  at which the
binding sites are half-filled by potassium. The inset shows a Scatchard plot (B/[K], vs. B)
of the results, with the straight line fitted by the method of least squares. From the inter-
cepts of this line, Bmax  = 251  4 30 Amoles/g dry wt., and the calculated a equals 32.0 
3.4 mu.  The  curve in the main part of this figure  is redrawn  from the inset, using the
estimated values of B,,a  and a.
selectivity of the postulated binding sites for sodium  over potassium is  barely
significant.  The maximum  amount of cation which  can  be  bound  (Bm,.)  at
pH  8  is  251  4-  30  umoles/g  dry  cells.  If this  corresponds  to  negatively
charged  sites  distributed  evenly  throughout  the  cell  wall,  and if  the  cell
wall  is assumed  to occupy  20%  of the  total  cell  volume  (11,  39;  the wall
forms  a layer 0.1  s thick around  a cylinder  1  u  in  radius),  then the charge
density  would  be  1250  /Amoles/g  dry  wall,  or 500  mmoles/liter  wall water,
assuming that the wall water is 2.54 times the wall dry weight (see Methods for
the  conversion  factor).
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Fig.  6  shows  the  magnitude  of the K/Na  exchange  as a function  of pH.
Below pH 5.8  (the pH of the  usual growth medium,  and therefore  that used
in  all  previous  experiments,  references  40  and  42),  exchange  is  negligible.
As  the  incubation  medium  is  made  more  alkaline,  exchange  increases  until
it  reaches  a maximum  at pH  8.5-9.  Half-maximal  exchange  is  seen  at ap-
proximately  pH  7.1.  These  results  suggest  the  titration  of  weakly  acidic
groups,  unionized  at  low  pH  and  therefore  not  affecting  the  K/Na  flux
External  pH
FIGURE  6.  pH-dependence  of the fast component of K/Na  exchange.  Standard low K
cells were  preincubated  20  min in Na buffer at various pH's before  addition of 30 ms
KC1.  Each point is  the mean  of three  to five experiments.  Vertical  bars,  - I  SE.  The
curve  is drawn according  to  the equation  Kboud  =  Na.lease.d  =  136  X-,  where  136
Amoles/g dry wt. is the asymptote  at high pH, and X-  is the fraction of sites which are
actually dissociated at a given pH. X-  is defined by the Henderson-Hasselbach  equation:
pH  =  pK  +  log  1  X-'  with pK  =  7.1.  Curve  fitted by  means  of the  Marquardt
algorithm (see Methods).
measurements,  but  progressively  ionized-and  capable  of  binding  Na  or
K-at higher  pH.
The data are reasonably well-fitted by a simple titration curve, the Hender-
son-Hasselbach  equation,  with  an  apparent  pK,  =  7.1.  One  would  expect
a  typical  weak-acid  resin  to establish  a Donnan  regime,  however,  with the
pH  inside  the resin  matrix  depressed  below the pH of the  external medium
(19).  This  should  have  two  consequences:  (a)  The  inflection  point  of the
titration curve should  not give the real  pK. for dissociation of the weak-acid
sites.  Instead,  for  a  resin  with  a  fixed  charge  density  of  500  mmoles/liter
water and  an  apparent  pK.  (referred  to the pH  of the medium)  of 7.1,  the
real  pK.  of the  sites  would  be  about  6.4,  as  calculated  from  the Donnan
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theory  (19).  (b)  In addition,  the titration  curve would be expected to spread
out along the pH axis,  since the Donnan potential  would  drive in hydrogen
ions  (as  well  as  K  and  Na),  thereby  tending  to  reduce  dissociation  of the
fixed  charges.  Preliminary  calculations indicate that this  effect would dimin-
ish the steepest slope by 30%, for a site density of 500 mmoles/liter. Failure
to  observe  such  spread  might  indicate  cooperative  interactions  between
adjacent  dissociable  sites  (37),  but a quantitative  development  of this notion
would be premature  in the absence  of precise  measurements  on isolated  cell
wall material.
Potassium and Sodium  Transport As a Function of pH  We now  turn to  the
slow  component  of  potassium  and  sodium  fluxes.  Fig.  7  shows  the  pH-
dependence  of net K  influx  and  net  Na  efflux  once  the  nonmetabolic  ex-
change  has been subtracted  at all  pH's where  it is significant.  Between  pH
4 and 6,  potassium uptake is rapid and essentially constant, having a velocity
of approximately  19  mmoles/kg  cell  water-min,  with external  potassium at
30 mM. It is balanced  largely by sodium efflux  at approximately  14 mmoles/
kg cell water. min, and the difference  is made up quantitatively by the release
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FIGURE  7.  Net potassium  influx  (0)  and  sodium efflux  (V),  as  a function  of extra-
cellular pH; fast component subtracted. These are the initial rates of the slow components
of K uptake and Na release,  calculated from semilog plots  as in Fig.  2.  Standard low K
cells, preincubated 20 min in Na buffer before addition of 30 nmm KCI. Maximal fluxes at
saturating K concentrations  would be somewhat higher  (see text). Each point represents
the mean value of three  to five experiments.  Vertical  bars,  1 sE.  As has already been
noted  (see Methods),  the values at pH 3.5 do not represent physiological  fluxes,  because
of generalized breakdown  of the cells at this pH.
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of hydrogen  ions  (40).  All three fluxes (K influx, Na efflux,  H efflux)  can be
accounted  for  in  terms  of  a  single  pump  displaying  standard  Michaelis-
Menten  kinetics.  The  K/ 2 for  extracellular  potassium  is  11.8  1.1  mM
at pH 5.8 (40)  and  11.3  + 0.9 mM at pH 4.0;1  and  the corresponding  maxi-
mal velocities  are 23.6  0.7  and 22.7  0.5 mmoles/kg cell water  min.
Above pH  7, there is a marked change  in the net fluxes.  Potassium uptake
is  reduced  by  roughly  50%;  but more  important,  sodium  release  is  nearly
abolished,  being  reduced  to  a  level  (1.4  0.3  mmoles/kg  cell  water-min)
only  slightly  greater  than  that  expected  from  passive  leak  alone.  The  dis-
crepancy  between  net potassium  influx  and  net sodium  efflux  at pH  8,  8.9
- 0.5 mmoles/kg  cell  water. min,  has not yet been  definitely accounted  for.
The observed K-induced  stimulation of H+ release  at pH 8 was 2-4 mmoles/
kg  cell  water  min,  barely  significant  against  a  base  line  release  of  20-30
mmoles/kg cell water  min. It is possible that initiation of net potassium uptake
leads  to a switching off of part of the organic  anion secretion  which  accom-
panies base line H+ release, as has been found in yeast (6), so that the hydrogen
ions then  serve to balance a large fraction of potassium  uptake.  Methods  are
now being developed  to measure the organic anions released,  and it should be
possible to test this aspect of the hypothesis within the near future.
Indirect  evidence  that  the  efflux  of  hydrogen  or some  other cation  must
balance  potassium  influx  at  high  pH  comes  from  the  demonstration  that
anion movements are negligible  (Table III). Although 36C1,  2PO4, and  35SO4
are taken up by Neurospora at pH 8, the influxes  are less than  2.1  mmoles/kg
cell  water-min  at  the  concentrations  used  in  these  experiments,  compared
with  the  K-Na  difference  of  8.9  mmoles/kg  cell  water-min.  Furthermore,
the anion fluxes are the same whether or not the cells are taking up potassium
(fourth  column,  Table  III). Participation  of the buffer  anion  (HEPES)  has
not been ruled out directly, but flux experiments conducted  in the absence  of
TABLE  III
ANION  INFLUXES  INTO  LOW  K  CELLS,  pH  8
Initial fluxes
Tracer anion  K or Na added as  K salt  Na salt
mmoles/kg  cell  water-min
3'C1  Cl  (30  mM)  2.1  1.8
82PO 4 PO4 (15.5  n)  0.56  0.48
gSO 4 SO 4 (15  mM)  0.093  0.093
In all  cases the  cells were preincubated  in the  standard buffer, 25
0C. Tracer was added along
with 30 mM K or Na, and uptake of label was followed for 40 min.
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buffer (in a pH stat) show the same large discrepancy between potassium and
sodium movements.
Dependence  of  Transport at pH 8  on  the  Extracellular K  Concentration  In
addition to the question of the identity of the exiting cation, there is a second
conspicuous  difference  between  potassium  transport at  high pH  and that at
low  pH.  Fig.  8  shows  that,  with  the  DOC-insensitive,  fast  component  of
K/Na exchange  subtracted  out,  the  initial rate  of  net potassium  uptake  at
pH  8  follows  a  sigmoid  curve  as  a function  of  the  extracellular  potassium
concentration.  And  a double  reciprocal  plot of the same data gives  a curve
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FIGURE  8.  Dependence of net cation fluxes at pH 8 on the extracellular potassium con-
centration;  fast  component  subtracted.  Standard  low  K cells  preincubated  20  min  in
HEPES  buffer,  25
0C.  KC1 added  to final  concentrations  of 5-60  mm.  Fluxes were  cal-
culated from semilog plots of the data, either by separating  the fast and slow components
graphically  (Fig.  2) or by  subtracting  the DOC-insensitive  K  and  Na fluxes  obtained
from  a parallel  experiment.  Both methods  gave  the same  results.  The points  represent
average  results  from at least  three  experiments.  Vertical  bars,  I  SE.  The curve  for
potassium is drawn according to equation 2, with P2 =  13.9 (mmoles/kg cell water  min)
and P3  = 317  (mM2;  see Table IV).
which is concave  upward, rather than the usual straight line  (Fig.  9 a). Such
findings  suggest  a  multisite  transport  system,  in  which  more  than  one  site
on  the  carrier  can  react with  extracellular  potassium  during  the  transport
process.  In  fact,  as  shown below the data at pH 8 can be fitted very well  by
assuming that the carrier  has two  sites for potassium.
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FIGURE  9.  Dependence  of net potassium influx on the  extracellular potassium concen-
tration;  fast  component  subtracted.  a,  Double reciprocal  plots,  with curves  drawn  ac-
cording to equation 3 for pH 8 and the Lineweaver-Burk  equation for pH 5.8,  using the
parameters  from Table IV.  b,  Hill plots, with  curves drawn  according  to equation  5,
again using the parameters listed in Table IV.
Two-Site  Rate Equations  The  most  general  reaction  sequence  which  need  be
considered  is the following:
A. =  kz E+  S  ES  E  P
k-1
E  +S  . SE  E  +  P
k-2
ES +  S  SES  ES +  P
k-s
SE +  S  '  SES  '  SE +  P
k-4
[The  binding  reactions  involve  an  element  (E)  of the  carrier  system,  presumably
located  at the outer surface of the membrane,  and  the substrate (S, in this case extra-
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cellular potassium). The ensuing reactions:  translocation  across the membrane,  break-
down  of the complex  to  form product  (P, in this case  intracellular  potassium),  and
return of the carrier to the initial condition, are all lumped together and designated by
rate constants  ks - k.  For mathematical  convenience,  at least one reaction  of each
set is  assumed  to  be  irreversible. The symbols,  E, S, and P, and  their combinations
will be assumed to represent  concentrations.  Constants designated  K., represent  equi-
ibrium constants; k,, individual rate constants.]
In the general reaction sequence outlined above, two sites on the enzyme are postu-
lated to react,  in any  order, with the substrate,  and then  to break down,  also in any
order. If the breakdown  reactions  are  assumed  to be relatively rapid (ks  - ks  large)
and  the system  is  analyzed  under steady-state  conditions  (13),  the  over-all reaction
velocity is third-order in S  and contains six coefficients  which need to be determined.
On the other hand, when k5 - k  are  assumed to  be small, so that the  binding reac-
tions  may  be  considered  at equilibrium,  then  the  reaction  velocity  simplifies  to  an
equation  of the form:
P.S  + P2.S 2
P3 +  P4S  + S
where PI  =  (k6K 3 +  kK 4) ET; P2 =  (k7 +  k)  ET =  Vmar; P 3 =  K1K 3 ; P 4 =  K3 +
K4 ; and ET designates the sum of all forms of the enzyme present, which is assumed to
be constant.
If the  ternary  intermediate,  SES,  is  substantially more  reactive than  either  of the
binary intermediates,  then the reaction velocity will be a sigmoid function of the sub-
strate  concentration.  This mechanism  implies  that the binding  of a second  substrate
molecule  to the carrier  induces  a conformational  change  that increases  its ability to
move across the cell membrane and release product on the other side.
B. Alternatively,  one might imagine that the uncombined carrier itself can exist in
two conformations which are in equilibrium with each other, and that binding of one
substrate  molecule  to  the carrier  shifts  the equilibrium  toward the  more active con-
formation,  resulting  in an increase in the effective concentration  of enzyme.  If all the
reactive sites on any one carrier molecule are assumed to be identical and independent,
the system  is  described  by  the  allosteric  model  of Monod,  Wyman,  and  Changeux
(30).
E,.  v  Et  L  E
Er
Er +  S  ES  E, +  S  '  EtS
ErS  S  '  SES  EtS +S  SES
ES  kp  E,  +  P
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For simplicity, we have  assumed that one form of the enzyme (Et) is catalytically
inactive  (though  it may still bind  substrate)  and  that the  binding reactions  are in
equilibrium. From  equation  (2)  of Monod et al.  (30),  the  fraction of sites which are
occupied in the active form is
S  I
(  Kt)  (  K)
And the over-all reaction velocity is  given by v =  kp  2ET  F, ,  where ET  again is  the
sum  of all forms  of the  enzyme.  This  equation  readily  rearranges  into the form  of
equation  1, in  which  the  coefficients  P1 - P4 are rather  complicated  functions  of
Kt,  K,, and L.
Evaluation of  the Data  Computer  estimates  for  the  four parameters  P1
-P 4 are  shown in Table  IV  (line  1);  the fit  is quite  satisfactory,  though as
seen from  the standard  errors,  both P1 and P4 could  be zero.  [The  negative
value for P 4 has no physical meaning.]  In  terms of model  (A) discussed above,
P1 =  0 would  mean that the binary intermediates  could not break down  to
form product  (k5 = k  = 0).  In  (B),  P1 cannot  equal  zero,  but a very small
value would imply that substrate is  tightly bound to the active  conformation
of the enzyme  (K,  very small).
If P1 and P4 are assumed to be zero,  equation  1 reduces  to
P2s 2 P 2 (2)
which could arise from the following reaction sequence:
E  +  2S  SES  E  +  2P.
TABLE  IV
PARAMETER  ESTIMATES  FOR  RATE  EQUATIONS
Parameters
pH  Equation  PI  P2  PS  P 4 Pi  2  d'
8.0  1  44.2  4  55.0  12.6  - 1.4  457  +  162  -4.43  4.96  - 0.291
8.0  2  - 13.9  4-  0.2  317  =  15  - - 0.349
8.0  4  - 13.8 4  0.4  325  - 97  - 2.01  L 0.12  0.348
5.8  Michaelis  23.3  4  1.0  - 11.9  4  1.5  - - 1.79
5.8  4  20.5  4  1.2  - 19.2  4  6.2  - 1.32  i  0.19  0.98
The data used to evaluate  all parameters  at pH 8 were those plotted in Fig. 8.  For pH 5.8, the  data were  taken
from reference  40  (Fig.  8). All values  are  least squares estimates  (  1  SE)  obtained  by computation  with  the
Marquardt algorithm (28).  Ed2 =  (predicted value - observed  value)2 for all points; 10 average  data points
were used at pH 8,  and 7 at pH 5.8. The  maximal net influx  (Vm,x),  in units  of mmoles/kg cell water-min,  is
given by P 2 for pH 8,  and by P1for pH 5.8. The potassium concentration  required for half-maximal  flux  (Kll1),
in mmoles/liter, is equal to  P  at pH 5.8 (Michaelis equation) and to (Pa)
v 1s at pH 8  (equation 2).
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This  case  is  obviously  analogous  to the Michaelis  equation,  except  that S is
replaced by S2. There  is no binary intermediate;  instead the ternary complex
between  the  enzyme  and  two  substrate  molecules  arises  from  a three-way
k_l+  kc 2 Ic
collision.  P2 =  k2E  =  V,  and  P  =  k  or k-  under  steady-state
or equilibrium conditions, respectively.  Models involving three-way collisions
seem  rather  improbable,  however,  and  equation  2  can  more  rationally  be
viewed  as  an  approximate  description  of  the  variety  of  possible  two-site
models  encompassed  by  (A)  and  (B)  above.  Under  any of these models  P2
represents  the maximal  transport velocity,  but no  definite physical  meaning
can  be attached  to Ps,  unless  equation  2  is taken  literally,  in which case  P8
=  (K1 1 2 ) 2.
Computer estimates of P2 and Pa are given in line  2 of Table IV.  Because
the quality  of fit (as judged by Ed2, last column)  is nearly  as good  as with
equation  1, the simpler equation can  be used for purposes of further calcula-
tion.
Equation  2  is readily converted  to  the double  reciprocal  form,  so that
n  bvme u  +  [Kpa)  (3)
can  be used  to  describe  the parabola  in  Fig.  9 a.  A double  reciprocal  plot
of the results at pH 5.8  (40) is shown (dashed line) for comparison  in Fig. 9 a.
Hill plots, in Fig. 9 b, indicate the extent to which the data on net potassium
influx  satisfy  one-site  and  two-site  models,  respectively,  at pH  5.8  and  8.
Equation  2  is  rewritten:
_  P2[K  _  _  Vm.  [K]  (4)
Pa +  [?  Pa +  [oP,
where  P6 = the number  of substrate molecules  involved,  under model  (A);
and  is a related thermodynamic  quantity  (49)  under  model  (B).  The equa-
tion can be linearized for plotting:
V
log V~  =  P  log [K]  - log Pa  (5)
ma  -
in  which P6 becomes  the  slope of the log-log  plot. At pH  5.8,  the  Hill plot
of data shows fair  agreement with the Michaelis  equation:  the least squares
estimate of the slope is  1.32  - 0.19  (instead of  1).  At pH 8, the least squares
estimate  of P6 is  2.01  0.12, essentially  identical to 2; and the other param-
eters also turn out to be very close to those obtained from equation  2.
Again  it  should  be  noted  that  the  assumption  of  a  series-compartment
arrangement  for  the  cell  wall  and  cytoplasm  would  not  affect  the  basic
sigmoid  shape  of the  velocity  curve,  although  it  could  lead  to  a  20-30%
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underestimate  of the  maximal  transport  velocity  and  a much larger  under-
estimate of the potassium concentration required to produce half the maximal
velocity.  The  appropriate  computations  are  outlined  in  the  Appendix,  and
listed  in Tables  V and  VI.
The over-all  conclusion from  this  portion  of the  results  seems  clear:  that
potassium transport at pH 5.8 can be adequately accounted  for in terms of a
classical  one-site  carrier  obeying  Michaelis  kinetics  (40),  but  transport  at
pH 8 requires  at least two sites for potassium.  It is not possible, from present
data,  to specify whether the two  sites are identical  or different,  whether they
are  loaded  simultaneously  or  sequentially,  or  whether  the  sigmoid  shape
arises  from mechanism  (A)  or mechanism  (B).
DISCUSSION
Cell  Wall  At pH  8  the  uptake  of cations  by  Neurospora resembles,  in
the  sense of showing  two distinct  components,  observations  made  widely on
microbial and plant cells. The giant algae  (8,  12)  and tissues of higher plants
(3)  show  an  initial  fast  component  of cation  uptake  that  is  insensitive  to
metabolic inhibitors and has a time constant on the order of a minute or less.
This fast component has been attributed  to ion exchange on fixed charge sites
in  the cell  wall, an  idea  reinforced  in several  cases  by direct  studies on  iso-
lated cell  wall material.  Estimated  fixed charge  densities run  as high as 800
mmoles/  liter cell  wall  (9).  In plant cells,  dissociation  of carboxyl  groups of
glucuronic  and  galacturonic  acids--chiefly  in  pectins-produces  negatively
charged sites with pK,'s of 2-3  (3,  9).  Recent studies  of H+ uptake by walls of
bacteria  (Staphylococcus aureus) have indicated pK.'s  of 3.2-4.8,  presumed  to
come from phosphate groups of teichoic  acids  (15).  Phosphate and  carboxyl
groups  have  also  been  implicated  in  cation  binding  at the  surface  of yeast
cells  (34).
The  cell  wall  of  Neurospora is  composed  principally  of  neutral  polysac-
charides:  chitin  (poly-N-acetylglucosamine),  /-glucan,  and  polygalactosa-
mine  (25-27).  The two most likely sources  of negatively charged  sites within
the Neurospora wall are relatively minor components,  carboxyl residues of pro-
teins and inorganic phosphate  and polyphosphate groups, and information  so
far available on  these compounds does  not account quantitatively for the ion
exchange data.  "Insoluble"  polyphosphate  with  a mean  chain  length  of 50
has  been  found  in  purified  Neurospora wall  material  to  the  extent  of  370
/Amoles P/g-dry wall  (recalculated  from  Harold  (18),  assuming  0.04  g dry
wall/g  wet  mycelium).  This  amounts  to  30%  of  the  fixed  charges  (1250
/smoles/g  dry wall) required by the ion exchange data. But Harold considers
the apparent localization  of polyphosphate in the wall to be an artifact of the
fractionation  process,  with  free  cytoplasmic  polyphosphate  becoming  ab-
sorbed to the wall only when the cells are disrupted.
A second  possibility is protein,  which has  been  reported  to constitute  12-
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15%  by weight of the Neurospora wall  (25,  27).  This protein fraction contains
an  unusually  high  proportion  of acidic  amino  acid  residues,  aspartic  and
glutamic  acids:  17.5%  by weight  of the total  wall protein,  or 21-26 mg for
each  gram  of cell  wall. This would  yield  a  fixed charge  density  of 300-375
/umoles/g dry wall,  or again, 30%  of the total fixed charges needed to account
for  the  ion  exchange  data.  There  remains,  too,  a  problem  of  dissociation
constants:  the  pK.2's  of  aspartic  and  glutamic  acids  are  3.65  and  4.25,
respectively  (5),  compared  with the pK for ion exchange  of 6.4-7.1.  In some
cases  the  intrinsic  dissociation  constants  for carboxyl  residues  are known  to
shift when  amino  acids  are  incorporated  into protein,  but shifts  as  large  as
two pH  units are rare  (45).
Clearly,  the  best  way  to  obtain direct  information  about  the  role  of the
Neurospora cell  wall  in cation  uptake would  be to measure  the  ion exchange
properties  of  isolated  cell  wall  material  (attempting  to  identify  chemically
any binding  sites that were found),  and additionally,  to determine potassium
fluxes  in  protoplasts  (spherical  cells  from  which  most  of the  cell  wall  has
been  removed  enzymatically).
Transport at High pH  The key observation reported in this paper is that,
once the ion exchange  component  has been subtracted,  potassium uptake at
high pH follows  a sigmoid curve  as a function  of the extracellular  potassium
concentration.  As explained  in the Results section,  this  indicates  a multisite
transport  system  in which  two  or  more  sites  on the  carrier  can  react  with
potassium during the transport process. It now becomes important to examine
the  relationship  between  the  multisite  kinetics  at  pH  8  and  the  standard
Michaelis kinetics  previously observed  for potassium  uptake at low pH  (40).
At least two possibilities could  account  for these  findings:
1. The pH 8 results might reflect a second,  previously undetected cation
transport  system  in the  Neurospora membrane.  Net  potassium uptake  and
net sodium and hydrogen ion efflux  at pH 4-6 (40),  together with steady-
state  potassium  exchange  at low  pH  (42),  might  be  carried  out by  one
system  displaying  conventional  Michaelis  kinetics;  and  potassium  uptake
at pH 8 by a second,  multisite system with a high pH optimum.  It should
be possible to test this hypothesis by examining a series  of cation transport
mutants  (43).  If the  Neurospora membrane  contains  two  transport  systems
with  different  pH  optima,  then  some  mutants  should  be  defective  in  K
uptake at low pH, and other mutants at high pH. If, on the other hand,  all
cation fluxes  are mediated  by a single system,  then most  (if not all)  trans-
port mutants should show abnormal cation fluxes at all pH's. Experiments
of this kind are now in progress.
2.  In  the  absence  of  conclusive  data  on  transport  mutants,  it  is  still
reasonable  to  ask  whether  a  single pump  model  can  be constructed  that
accounts  quantitatively  for  all  the kinetic  results  (pH 4-8)  on wild-type
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Neurospora. Two sorts of molecular mechanisms can be obtained  by extend-
ing the two models described  in the Results section,  so that a reaction with
H + (at low pH) causes a shift from sigmoid  to standard Michaelis kinetics.
In the first  (model  A),  the transport  system would contain  both a carrier
site  responsible  for  potassium  uptake,  and  a  modifier  site  that  must  be
filled  with a  cation  (H+ at  low  pH,  potassium  at high pH)  in  order  for
transport  to occur.  Armstrong  and  Rothstein  (2)  have  proposed  a similar
model  to  explain  potassium  transport  in  yeast.  The  basic  experimental
observations  in  yeast  are  that  at  high  pH,  the  K112 (external  potassium
concentration  for  half-maximal  flux)  for potassium  uptake is  low and  the
Vmx is high; at low pH,  the  Vm,,  decreases  (interpreted  as an effect  of H
ions at the modifier site)  and the Kl/2 increases  (interpreted as competition
between  H and  K  at the transport  site).  Sigmoid kinetics  are not  seen in
yeast  at  high pH,  but  in  the  modifier  model  this  would  depend  on  the
exact values of the various  reaction  constants.
Alternatively an allosteric  mechanism  (corresponding  to model  B of the
Results section)  can  be  imagined,  in  which  the  transport  system  con-
sists  of multiple subunits,  each with an  active  site for potassium.  If in  ad-
dition hydrogen ions  are  assumed  to be allosteric  activators  of the  system
(30),  this model could  generate  sigmoid uptake  curves  at high pH  (in the
effective  absence  of hydrogen  ions),  but standard  Michaelis curves  at low
pH, with hydrogen ions  present.
We have made a  preliminary attempt  to fit both model A and model B to
four sets of data on net  potassium influx  in wild-type  Neurospora: influx  over
a range of potassium  concentrations  at pH 4,  pH 5.8  (Fig.  8, reference  40),
and pH 8  (Fig.  8,  above),  and influx over a range of pH's at 30  mM K (Fig.
7, above).  Both models are  able  to fit the data qualitatively.  In both cases,
however,  there  are small  systematic  discrepancies  from the data:  insufficient
sigmoid shape at pH 8, too large  Vmx's at all  pH's,  and too gentle a slope in
the pH curve.  All the discrepancies  are diminished  by including the  unlikely
assumption  of  a  simultaneous  three-way  collision  between  the  carrier  and
two  potassium  ions,  or by going  to three-site  models.  More  data  at various
potassium,  sodium,  and hydrogen ion concentrations,  and  in the presence  of
other  univalent cations,  will  be required  to provide an  adequate  test of any
particular hypothesis.
Evidently,  a  comprehensive  model  must  also  be  able  to  account  for  the
efflux  aspects  of the transport  process, particularly  the greatly decreased  Na
efflux at high pH, shown in Fig.  7.  No attempt has been made to incorporate
this  observation  into the  models discussed  above,  since  we  do not yet know
the dependence  of Na effiux upon intracellular  potassium,  sodium, or hydrogen
ion levels.
The basic  observation  of a multisite cation  transport system  in Neurospora,
whatever  the exact  mechanism,  is not without precedent.  In addition  to the
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findings  with yeast  (1,  2),  Keynes  and  Swan  (21),  Mullins  and  Frumento
(31),  and  Keynes  (20)  have  presented  evidence  for  a  three-site  carrier  in-
volved  in sodium efflux from frog muscle  (where at low intracellular  sodium
concentrations,  efflux is proportional  to the third power of the concentration).
In  human  red blood cells,  flux  measurements  have  indicated that two potas-
sium  ions  are  transported  inward  for  every  three  sodium  ions  transported
outward  (32).  More  recently,  Sachs  and  Welt  (36)  and  Sachs  (35)  have
measured  the  dependence  of  active  potassium  influx  on  the  extracellular
potassium  concentration,  as well  as the competitive  inhibition  of potassium
uptake  by  rubidium,  cesium,  and  lithium;  and  their  results  can  be  inter-
preted very nicely  in terms of a two-site  model  (35).  It  will be interesting if
multisite cation transport systems turn out to be a general feature of microbial
as well as animal cells.
APPENDIX
Analysis  of Net  Potassium Flux  into  Neurospora According  to  a  Three-Compartment
Series Model  Plots of  total  cell  potassium  vs.  time  for  cells  accumulating  potas-
sium show  two distinct  exponential  components,  as demonstrated  in Figs.  1 and  2.
The  existence  of  two such  components  suggests  that potassium  enters  two  distinct
compartments: a fixed charge region in the cell wall, and the intracellular space.  It is
likely (see p.  768) that the two compartments have independent access to potassium in
the medium, and are thus arranged functionally in parallel (Fig.  10 a). But we cannot
completely  rule out the  possibility  of a series  arrangement  (Fig.  10 b),  and  need  to
compute  the effect that such an arrangement  would have on  the apparent compart-
ment sizes,  rate constants,  fluxes,  and enzyme-kinetic  constants which are eventually
derived from data like those in Figs.  1 and 2.
Equations for the exchange of material in such series and parallel systems have been
thoroughly  described  (44),  and  are  presented  here only  to  clarify  the  calculations
which follow. We let X0,  X1, and X2 be  the amount of potassium in the medium,  in
the fixed charge regions  of the  wall,  and  in  the  cytoplasm,  respectively;  and let k's
be the first-order rate constants for transfer of potassium between compartments: kol ,
for example, designating movement from medium to wall.  Four assumptions are made
for  the sake of mathematical simplicity:  (a)  that the compartment  arrangements  are
either purely series,  or purely parallel; in Fig.  10 a there is no exchange k12/k2 1 , and in
Fig.  10 b there is no exchange ko2/k 2o.  (b)  The initial values of X1 and X 2 are zero; the
total cell potassium in preincubated  low K cells  is only  7 % of the normal  value (see
Table  I). (c) The amount of potassium in the medium  (X0o)  is constant;  this is assured
by keeping the cell density in suspension low.  (d) There is rapid mixing of potassium
within  any one compartment,  so that the transfer rates at the boundaries are limiting.
Solutions to the differential equations for X1 and X2 may be written as follows:
Parallel  case:  X1 =  X  (1  - e  lot);  X2  kX0  (  -
=_  ,h-  X1oE-  (  )e  - (-o2)  =  -
Series case:  X1 -= kX.  I  [X1-kO)-  02-kO)e'  (6  a)
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X2  =  k12  . ko  X.  I  - I  [X  t
- (6  b)
k21 k1o  X1- - 2
where the graphically determined  rate constants, A 1 and Xt2,  are given by
_  1
(kjo +  k  +  k2l)  ±  v-(ko +  k 2 +  k% 1)2 - 4kok 2 1 .
The quantity (X 1 +  X2) is measured,  and for the parallel case graphic analysis of the
type used  in Fig.  2  gives  directly the  steady-state  amounts of potassium in  the wall
(XI.  = kolXo/klo) and the cytoplasm (X2o  = ko2Xo/k 2o),  as well as the rate constants
(or time constants,  Il/k)  for net movement  of potassium  into the  wall  (klo)  or cyto-
plasm  (k20). In  the series  case,  however,  neither the steady-state  levels  of potassium
nor the compartmental rate constants relate simply to the graphic values.  If C 1 and C 2
represent  the steady-state  quantities  of potassium  corresponding  to X 1 and X2, it can
be shown that
Xo  d(X1 +  X2)]  =  1C1 2C2
io  - XIC  +  XC(7  )
C 1 + X2C  1
=  X  0  L  10kolXo
k2  X  =  2  (7 b)
10
X  - A'  2,  =  3  iX,,  (8 a, b)
This  set of equations  has been  used  to compute  the values  listed  in columns 4-7  of
Table V. Since there was no consistent dependence of X and  X 2 on the external  potas-
PM
PM
0
Medium
1
ko_
kl o
Wall
PM
2
k1 2
kCytp.
Cytopl.
a  b
FIGURE  10.  Diagrams  of two  possible  compartmental  arrangements  of the  cytoplasm
and (fixed charge regions of) the cell wall of  Neurospora in relation to the external medium.
a,  parallel; b,  series.  The medium, wall,  and cytoplasm are designated  as compartments
0, 1, and 2, respectively,  and ko1, k20. . .represent the rate constants  for transfer of potas-
sium from the medium to the wall, from the cytoplasm  to the medium, etc.  PM and  the
double lines designate the plasma membrane.
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sium concentration,  single  average  values  were  used  in all  the  computations:  X  =
0.833  0.067 min', and  X2  =  0.105  4  0.005 min-'.  A comparison of  the average
value of klo or k21 with X 1 or X 2 shows that simple graphic analysis would overestimate
TABLE  V
COMPARTMENTAL  PARAMETERS  FOR
POTASSIUM  UPTAKE;  SERIES  CASE
Column
No.  2  3  4  5  6  7  8  9  10
[K]o  Cl  C2  h  kw  Xio  X2o  Cl/XIX,  C/X2oo  knX2
unolo/g
mMi  umoles/g dry  min
-
'  min
-1
'  ,noles/g  dry  dry  min
2.8  19.5  8.45  0.796  0.110  21.5  6.41  0.905  1.32  0.706
5.6  32.8  29.8  0.758  0.116  40.2  22.4  0.817  1.33  2.59
10.7  63.0  88.7  0.723  0.121  85.5  64.8  0.737  1.37  7.84
15  80.0  132.1  0.708  0.124  113.8  98.3  0.703  1.34  12.2
20  96.5  178.1  0.696  0.126  142.6  132.1  0.677  1.35  16.6
25  109.7  222.0  0.685  0.128  167.5  164.2  0.655  1.35  21.0
30  120.2  247.5  0.683  0.128  184.7  183.0  0.651  1.35  23.5
40  139.5  279.3  0.687  0.128  212.2  206.7  0.658  1.35  26.4
50  153.0  297.0  0.690  0.127  230.0  220.0  0.665  1.35  27.9
60  162.5  307.6  0.693  0.126  242.1  228.0  0.671  1.35  28,8
Averages  0.712  0.123  0.714  1.35
C1 and C2 are the steady-state potassium levels  associated with the two exponential components
in the K uptake curves  (e.g. Figs. I and 2), at each extracellular potassium concentration,  [K]o .
The other symbols  are defined in equations  7 a,b and 8 a,b, with respect to Fig.  10 b.  The meas-
ured rate constants used were X  = 0.833 and X2  =  0.105 min-'.
TABLE  VI
KINETIC  CONSTANTS  AND  BINDING  CONSTANTS
COMPUTED  FOR  PARALLEL  AND  SERIES  CASES
Fast  component  Slow  component
(Cell wall)  (Cytoplasm)
Rate constants  for net potassium  Parallel  0.833  - 0.067  0.105  - 0.005
uptake, min
- 1 Series  0.712  4  0.012  0.123  4  0.002
Potassium  concentration  for  Parallel  32.0  - 3.4  18.3 - 0.3
half-maximal  binding  or  net  Series,  [K]o  38.3  - 3.9  18.7  4  0.3
influx,  mm  Series,  [K],, 11 - 371  - 10*
Maximal  potassium  bound,  Parallel  251  - 30
Amoles/g dry  Series  408  - 22
Maximal  potassium  influx,  net,  Parallel  - 13.9  4  0.2
mmoles/lkg cell water.min  Series,  [K]o  - 12.6  4  0.1
Series,  [K],,sl  - 18.4  4-  0.5
* This  number  should be  multiplied  by  the activity  coefficient  of potassium within the  fixed
charge  lattice. Diffusion studies on  cation exchange  resins  (23)  suggest  a  figure  around  0.2,
which is relatively  independent of [K]o (at least in the range 0-60 mu).
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the rate constant for net movement into the wall and underestimate that for net move-
ment into the cytoplasm  by  15-17%. Examination  of C/X 1 and  C 2/X2 *  (columns
8 and  9, Table  V) reveals  that the simple  analysis would also  underestimate  the net
movement  of potassium  into the  wall  and  overestimate  that into  the  cytoplasm  by
about 30 %.
A plot of Xio vs. [K] o, however,  still gives a rectangular hyperbola, similar  to that
in Fig. 5 (B  = XK,); but the least squares estimates of Bmx  and a  become  408  22
pmoles/g dry and 38.3  4  3.9 m,  respectively.
The initial net flux into the cytoplasm must be zero,  as shown by differentiation  of
equation  6 b. The rates needed-to compare with  those plotted  in Fig. 8-are those
which  would be  obtained  if the  wall could  be  loaded  with potassium instantly  and
then the wall and cytoplasm treated as a two-compartment system; i.e.,  k2lX2  . These
values  are  entered in  the last column  of Table  V. When plotted  against [K]o,  they
again  give  a  sigmoid  curve similar  to that in  Fig.  8,  having  a maximal  velocity  of
32.0  i  0.3  pumoles/g  dry.min,  or  12.6  0.1  mmoles/kg  cell  water-min,  and  an
apparent K11 2 of 18.7  +  0.3 mM. Neither value is significantly different from that ob-
tained  by assuming the parallel arrangement  of wall and cytoplasm  (see Table IV).
Obviously,  the meaning of Vm,,  and, particularly,  K1/2 will be altered if the active
transport  system has  access  only  to  the potassium  concentration  in the  fixed charge
regions  of the  wall.  It could  even  be  asked whether  the whole  form  of the velocity
equation might change, so  that for example,  a one-site  pump operating on cell wall
potassium might  look like  a  two-site pump  operating  on potassium in  the medium.
This is not the case. The invariance of the equational form of the velocity curve can be
demonstrated by substitution of S = B  = B.x [K]o/(aO  +  [K]o) into the Michaelis
equation and into equation  1 or 2  above. The characteristics  of the "real pump" in
the series case can be obtained from a plot of knX2,  vs.  XI  , fitted to equation 2:  Vma,
=  46.8  -t  1.3  moles/g  dry-min,  or  18.4  4- 0.5  mmoles/kg cell  water  min;  K  =
188  5  moles/g  dry,  or 371  4  10 mM,  using  the  conversion  factors discussed  in
Methods. Table  VI  summarizes  the various kinetic  constants  and binding constants
obtained from  the  series  case,  in comparison  with  those  obtained earlier  for  the as-
sumed  parallel arrangement of the cytoplasm and the fixed charge regions  of the cell
wall.
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